We have cloned and sequenced a 1.5-kb chromosomal fragment of Thernus thermophilus which promoted the overproduction of carotenoids in T.
Thermus thermophilus is a gram-negative, aerobic microorganism which can grow at temperatures above 75°C. One unique characteristic of the genus Thermus is that many strains produce carotenoids (4) . Analysis of the carotenoids produced by a Thermus strain was done by Ray et al. in 1971 (11) . Only two carotenoids, phytoene and delta carotene, were identified, while the major highly polar carotenoids could not be identified. As carotenoids are hydrophobic substances associated with the cell membrane, they may play an important role in membrane stability in Thermus strains at high temperatures.
Genes for carotenoid biosynthesis occur as a cluster on a chromosome in many eubacteria such as Erwinia herbicola (1) , Erwinia uredovora (9) , and Rhodobacter capsulatus (2). Since the expression of the entire carotenogenic gene cluster of E. uredovora in Escherichia coli has been reported (9), we first attempted to clone a carotenogenic gene cluster of T. thermophilus in E. coli. Thousands of clones of the T. thennophilus genomic library (average insert size of 7 to 10 kb) were screened, but no E. coli transformants produced carotenoids, presumably because of the low, or lack of, expression of thermophilic enzymes at mesophilic temperatures. Then, we changed our strategy. We tried to clone a gene encoding a rate-limiting enzyme for the carotenogenic pathway of T. thernophilus by self-cloning by using a multicopy plasmid as a vector.
Chromosomal DNA of T. thermophilus HB27 trpBS (7) was digested with HindIII and subjected to agarose gel electrophoresis. Fragments with sizes of 1 to 3 kb were recovered from the gel and ligated with HindIII-digested and dephosphorylated Thermus vector pYK134 (a gift from Y. Koyama; a brief map is shown in Fig. 1 ). The ligation mixture was used to transform HB27 trpBS. The transformation was performed as previously described (7) except that 1 h of incubation at 60°C was added after the discontinuation of the DNA uptake. Km' transformants were obtained after 48 h of incubation at 60°C on Thennus medium (7) plates containing 40 ,ug of kanamycin per ml. Among several hundreds of yellow (wild-type carotenoid production) colonies, two colonies showing an orange color were selected, * Corresponding author. and plasmids were recovered from them by employing the alkaline lysis method (12) . Both transformants contained recombinant plasmids with the same size of 13.8 kb and were designated as pCOP1 and pCOP2. Restriction enzyme analysis and hybridization revealed that although pCOP1 and pCOP2 contain the same 1.5-kb HindIII fragment derived from the T. thermophilus chromosome (data not shown), the orientation of the inserted fragment was different. The orange color of pCOP1-carrying HB27 trpBS was deeper than that of pCOP2-carrying HB27 trpBS.
Carotenoids were extracted from the transformants and the host according to the method of Bligh and Dyer (3). The relative amount of carotenoid was measured by determining A460 since carotenoids from T. thermophilus showed an absorbance maximum at this wave length: the optical densities at 460 nm per milligram of dry cell weight for the host strain, pCOPl-carrying strain, and pCOP2-carrying strain were 0.095, 0.33 and 0.21, respectively. Carotenoids were then analyzed by thin-layer chromatography by using model 5553 DC-Alufolien Kieselgel (Merck) developed with petroleum ether and acetone (7:3 [vol/vol] ). Seven visible carotenoid spots were recovered from the carotenoids extracted from the host strain. These spots were also observed for the carotenoids extracted from pCOP1-and pCOP2-carrying cells, and all the spots were larger than those extracted from the host cells (data not shown). Thus, it is suggested that the gene cloned in this experiment controlled the total carotenoid biosynthesis in T. thermophilus.
The DNA sequence of the 1.5-kb fragment was determined by using the dideoxy method (14) . The sequencing strategy and the total nucleotide sequence of 1,510 bases with deduced amino acid sequences are shown in Fig. 2A (8) , the trpB gene of Thermus sp. strain T2 (15) , and a DNA fragment which displayed promoter activity in T.
thermophilus (p).
ORF-A and ORF-B are the protein-encoding genes of T. thermophilus.
In order to determine the region in which the gene responsible for carotenoid overproduction occurs, subcloning of the 1.5-kb fragment was performed. Three fragments, shown in Fig. 2B , were recovered, and after the addition of a HindIII linker to each end, they were introduced into the HindIII site of pYK134 individually. HB27 trpB5 cells carrying each plasmid were examined for their carotenoid productivity. Only the cells carrying pTS-HAf showed a high carotenoid production. Truncated ORF-A was constructed by digestion of the 1.5-kb fragment with Sacl, flush ending, and then religation. The modified 1.5-kb fragment was inserted into the HindIII site of pYK134 and introduced into HB27 trpB5. The cells carrying the above plasmid did not display an overproduction of carotenoids. These results indicate that ORF-A encodes a gene which is responsible for carotenoid overproduction in T. thermophilus.
Since both pCOP1-and pCOP2-carrying HB27 trpBS showed a high carotenoid production, it was considered that the promoter for the ORF-A-encoded gene might be included in the 1.5-kb fragment. However, we were unable to find a sequence which had significant homology to speculated Thermus promoter sequences (10) in the region of nt 1 to 50. The higher carotenoid production of the pCOP1-carrying cells than that of the pCOP2-carrying cells could be ascribed to a transcriptional read-through effect from the promoter of the vector.
Deduced amino acid sequences of ORF-A and ORF-B were compared with those in the protein data base. Significant homology was detected between the ORF-A product and the amino acid sequences of crtB gene products of E. herbicola (1), E. uredovora (9) carotenoid biosynthetic enzymes. ORF-A seemed to correspond to the crtB gene of T. thernophilus since both pCOP1-and pCOP2-carrying hosts produced a large amount of all the carotenoids. The ORF-A protein also had an amino acid sequence homologous to an allylic prenyl diphosphate-binding site (6) (underlined twice in Fig. 3 ). This observation strongly suggests that the ORF-A-encoded gene is the crtB gene of T. thermophilus because geranylgeranyl diphosphate is one of the prenyl diphosphates and similar amino acid sequences are also found in the crtB genes of other microorganisms (data not shown).
In E. herbicola, E. uredovora, and R. capsulatus, genes for carotenoid biosynthesis are known to occur as a cluster on the chromosomes (1, 2, 9) . If this finding applies to T. thermophilus, ORF-B could be another enzyme for carotenoid biosynthesis in T. thermophilus. The homology of the deduced amino acid sequence of the truncated ORF-B protein with those of the carotenogenic gene products of Erwinia spp. and R. capsulatus was examined. Although no significant homology was detected, some similarities were observed between the truncated ORF-B protein and the amino acid sequences of the enzymes which are responsible for downstream reactions of the carotenoid biosynthetic pathways (data not shown). Presently, it is difficult to determine whether ORF-B is one of the carotenogenic genes of T. thennophilus. Analysis of the chromosome of T. thermophilus by using the 1.5-kb fragment as a probe and cloning of the flanking regions is currently in progress.
Nucleotide sequence accession number. The nucleotide sequence data reported in this paper will appear in the DDBJ, EMBL, and GenBank nucleotide sequence data bases under accession number D14604.
